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H I G H L I G H T S
• A model to predict the thermal conductivity of nanocellular polymers is presented.
• This model applies to nanocellular materials with non-uniform cellular structures.
• The thermal conductivity of bimodal systems with nanometric cells is predicted.
• The model is validated using experimental results of real bimodal systems.
• It can be also applied to nanocellular polymers with wide cell size distributions.
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A B S T R A C T
Nanocellular polymers are a new generation of materials with the potential of being used as very efficient
thermal insulators. It has been proved experimentally that these materials present the Knudsen effect, which
strongly reduces the conductivity of the gas phase. There are theoretical equations to predict the thermal
conductivity due to this Knudsen effect, but all the models consider an average cell size. In this work, we propose
a model to predict the thermal conductivity due to the conduction mechanisms of nanocellular materials with
bimodal cellular structures, that is, with two populations of cells, micro and nanocellular. The novelty of our
work is to consider not only the average cell size, but the cell size distribution. The predictions of the model are
compared with the experimental conductivity of two real bimodal systems based on poly(methyl methacrylate)
(PMMA), and it is proved that this new model provides more accurate estimations of the conductivity than the
models that do not consider the bimodality. Furthermore, this model could be applied to monomodal nano-
cellular polymers. In particular, for monomodal materials presenting a wide cell size distribution and at low
densities, the model predicts important variations in comparison with the current models in the literature. This
result indicates that the cell size distribution must be included in the estimations of the thermal conductivity of
nanocellular polymers.
1. Introduction
Buildings represent the largest energy-consuming sector in the
global economy with more than one-third of the energy expenses.
Therefore, they are responsible for more than one-third of global carbon
emissions [1]. With the growth of the population predicted for the next
decades, the energy used in buildings is also set to increase sharply
[1,2]. Most of this energy is used in conditioning indoor spaces, so its
use could be drastically decreased using more efficient thermal in-
sulation systems.
Cellular polymers are commonly used in house insulation [3–5].
Several factors contribute to their good behavior as thermal insulators.
First, the very low thermal conductivity of the gas enclosed in the cells.
Second, the distribution of the gas in small cells suppresses convention.
Finally, the relatively small amount of solid polymer, that also presents
a not very high thermal conductivity. Some of the most common cel-
lular polymers currently used for thermal insulation, such as expanded
polystyrene (EPS) or extruded polystyrene (XPS), present thermal
conductivities in the range 30–35mW/mK at room temperature [6].
These types of foams have air in the cells sometime after their
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production, and due to this, the previous values of the thermal con-
ductivity are already within the limits of their potential, as the thermal
conductivity of air at room temperature is 26mW/mK. The thermal
conductivity can be reduced by using other gases of higher molecular
weight and with lower thermal conductivities that can stay in the cells
of the cellular material for long times, such as HFCS or alkanes. For
instance, rigid polyurethane foams foamed using cyclo-pentane can
have thermal conductivities of around 21mW/mK just after their pro-
duction and values around 25–26mW/mK several months after pro-
duction. This is because the thermal conductivity of cyclo-pentane is
12 mW/mK. However, the use of these gases is in general not en-
vironmentally friendly (HFCS) or even they are a serious drawback for
the flame-retardant behavior of the materials (alkanes) [7,8].
So, to develop better insulating materials that are at the same time
environmentally friendly, new strategies must be followed.
One interesting approach of producing materials with lower thermal
conductivity is the use of nanocellular polymers [1,9–11]. As a con-
sequence of their reduced cell size, these materials allow a significant
reduction of the thermal conductivity, as high as 2.5 times for low-
density materials [12]. Several authors have demonstrated the super-
insulating properties of nanocellular materials. Most of the work up to
know is focused on the characterization of aerogels [13,14], but
polymer-based nanocellular materials have also been successfully
tested. Notario and coworkers [12] measured the thermal conductivity
of nanocellular poly(methyl methacrylate) (PMMA) with different cell
sizes, proving the strong influence of the cell size in the conductivity
(Knudsen effect). Grassberger et al. [15] demonstrated the same idea in
blowing agent free nanocellular PMMA. In the work of Wang et al. [16],
a nanocellular polymers based on blends of low-density PMMA and
thermoplastic polyurethane (TPU) was shown to present a thermal
conductivity as low as 24.8 mW/mK.
There are theoretical equations to model and predict the thermal
conductivity of nanocellular polymers [12,17–19]. However, none of
these models take into consideration that cellular materials can present
a non-uniform cellular structure, that is, in all these models only the
average cell size is used. Then, the previously mentioned works are not
suitable for modeling the thermal conductivity of non-uniform systems,
such as bimodal cellular structures with micro and nanometric pores.
Such systems could be of great interest since the presence of micro-
metric pores could help to reduce the density, whereas the nanometric
cells will decrease the thermal conductivity.
As a consequence of the interest of bimodal structures, also in the
micrometric range, there are several works dealing with the production
of such materials [20,21]. For instance, Lee et al. [22] produced bi-
modal PS/silica structures using two different blowing agents, and they
investigated in detail the effect of the amount of silica, blowing agent
and extrusion conditions in the resultant bimodal structure. In the work
of Zhang and coworkers [23], bimodal PS was also produced by an
extrusion process with two blowing agents, and they proved that the
bimodality enhanced the mechanical and insulation performance
compared with PS cellular materials. Arora and coworkers [24] pro-
duce bimodal PS cellular materials using a gas dissolution foaming
method in which the pressure was released in two steps. In the work of
Zeng et al. [25], PMMA/carbon nanotube nanocomposites showed a
bimodal cell size distribution due to insufficient dispersion of the par-
ticles. Regarding bimodal structures with nanometric pores, Luo and
coworkers [26] proved that the addition of silica aerogel to PMMA
induced the appearance of a bimodal structure with nanometric pores
in the cell walls, that helped to reduce the thermal conductivity com-
pared to the neat PMMA. In the work of Miller et al. [27], microcellular
high-density polyethylene (HDPE) was produced with a unique inter-
connected nanoporous structure in the cell walls. Schmidt at al [28].
proved that a bimodal structure formed by nanometric pores and mi-
crometric ones (obtained by microemulsion template) presented a
thermal conductivity that was between the two limits established by the
nanocellular structure (obtained by sol-gel) and a macroporous
material.
Several of the previously mentioned works proved that the presence
of small cells allows reducing the thermal conductivity, but none of
them proposed a model to quantify the weight of the different cells in
the cell size distribution. About the modeling of the thermal con-
ductivity of bimodal structures, we have only found the recent work of
Gong et al. [29]. They proposed a model to calculate the thermal
conductivity of microcellular bimodal structures and validated their
model using bimodal PS/multi-walled carbon nanotube cellular mate-
rials. However, this model only took into account an average cell size of
for each population of cells.
In this work, we propose a new theoretical model to calculate the
thermal conductivity due to the heat transfer mechanisms by conduc-
tion of nanocellular polymers with non-uniform cellular structures. In
this model, the cell size of all cells is considered together with the re-
lative volume occupied by each cell, with the aim of considering the
relative contribution of each cell size to the global thermal con-
ductivity. Experimental measurements of nanocellular polymers pre-
senting a bimodal cellular structure confirm the validity of the proposed
model.
2. Theoretical background
The thermal conductivity of a cellular polymer (λt) can be calcu-
lated as the sum of four different contributions [5,30]:
= + + +λ λ λ λ λt s g r c (1)
Where λs is the conduction through the solid phase, λg is the conduction
across the gas phase, λr is the thermal radiation term, and λc represents
the convection within the cells. This last term is negligible for cell sizes
smaller than 2mm [5,30,31]. Regarding the radiation term, there are
several models to justify its dependence with the cell size in the mi-
crocellular range [32,33], but it is known that the models used for
microcellular polymers cannot be used for nanocellular materials. As
far as the authors know, the only model dealing with the contribution of
the radiation in the thermal conductivity of nanocellular materials is
that of Wang and coworkers [19], although the calculation of the ra-
diative contribution is purely theoretical and has not been experimen-
tally validated. In fact, there is not yet any experimental data about
how radiation propagates in a system the nanometric cells.
Nonetheless, both the microcellular and the nanocellular models
predict that the contribution of the radiation becomes only relevant for
low relative densities, due to a high fraction of absorbent solid present
in the medium and high-density cellular materials. In particular, in the
work of Wang et al. [19] it is proved that for cell sizes in the range of
200 nm to 10 microns and relative densities around 0.25 or greater, the
radiation contribution becomes negligible.
Taking into account that the cellular materials used in this work
present relative densities above 0.27 and cell sizes in the aforemen-
tioned boundaries, we have neglected in all the modeling the possible
contribution of radiation. This means that the model proposed is valid
for the thermal conductivity by conduction, including both the con-
duction through the solid and through the gas phases. The values given
by the model will be equivalent to the total conductivity when the ra-
diation contribution is negligible, and this would be the case for cellular
materials with high or medium densities (higher than around 0.20) as
those included in this paper.
To quantify the weight of each contribution, the relative amount of
solid and gas phases should be used, that is, the relative density ρr
(defined as =ρ ρ ρ/r s, where ρs is the density of the solid and ρ is the
density of the cellular material). Using this idea, the conductivity can be
described as [5]:
= + = ′ + ′ −λ λ λ gλ ρ λ ρ(1 )t s g s r g r (2)
Where ′λs and ′λg are the thermal conductivities of the solid polymer and
the gas inside the cells, respectively, and g is a an efficiency-structural
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factor proposed by Glicksman [30]. This factor has been shown to be
close to 1 for microcellular materials with medium/high relative den-
sities (0.3–0.6) [34] and ranging 0.8–1 for nanocellular polymers with
medium/high relative densities (0.4–0.65) [12]. In the case of micro-
cellular structures with very low densities (lower than 0.05) (i.e., when
the cell walls are very thin and the cells have a polyhedral shape), this
factor is 2/3, and when the fraction of mass in the struts is also con-
sidered in the model, g can have a minimum value of 1/3 for materials
with a high fraction of the solid phase in the struts [30].
In a microcellular material, ′λg is directly the thermal conductivity of
the gas inside the pores (26mW/mK if the gas is air at atmospheric
pressure and room temperature). However, when the mean free path of
the gas molecules inside the cells is comparable with the cell size, the
conduction throughout the gas is significantly reduced, because the
collisions among the gas molecules become less probable than the
collisions with the cell walls. This effect is well-known as the Knudsen
effect [12,35–38]. Once this effect is taken into account, the effective
conductivity of the gas ′λg can be described as [36,39,40]:
′ =
′
+
λ
λ
βKn1 2g
g0
(3)
Where ′λg0 is the thermal conductivity of the gas inside the pores, β is a
factor correlating the energy transfer between gas molecules and the
structure (varying from 1.5 to 2 for argon and nitrogen [40] and 1.64
being the value for air [36]), and Kn is the Knudsen number, defined as:
=Kn
l
ϕ
g
(4)
Where lg is the mean free path of the gas molecules ( ≈l 70g nm for air
[12,17]) and ϕ is the average cell size. For a cell size much larger than
the mean free path, the reduction due to the Knudsen effect is not
significant, but for cell sizes under the micron, there is a significant
decrease of the thermal conductivity. Theoretically, the Knudsen effect
is related to the rarefied gas conduction regime [36,38], which starts to
play a role for Knudsen numbers higher than 0.01, ≥Kn 0.01 [41]. In
other words, this effect starts to become relevant when the cell size is
smaller than 100 times the mean free path, ≤ϕ l100 g . For a mean free
path of 70 nm, this means that the Knudsen effect should be considered
when calculating the thermal conductivity of systems with cell sizes
smaller than 7 microns.
Combining equations (2)–(4), we lead to the following expression as
a first approach to estimate the thermal conductivity by conduction in a
nanocellular polymer:
= ′ +
′
+
−λ gλ ρ
λ
ρ
1
(1 )t s r
g
βl
ϕ
r
0
2 g
(5)
Fig. 1 shows the predictions of equation (5) as a function of the cell
size for a nanocellular polymer based on PMMA (conductivity of the
solid: 211.7 mW/mK) and for three different relative densities. For this
plot, the structural factor g was considered as 1 for simplicity. A dis-
cussion about the value of g is included below.
This model was proved to be successful in the prediction of the
thermal conductivity of nanocellular polymers [12], but it only takes
into account the average cell size. Further considerations are needed to
use this model to predict the thermal conductivity of bimodal systems
or structures with a wide cell size distribution. Our model attempts to
complete and improve the previous one to widen its range of applica-
tion to systems with non-uniform cellular structures.
3. Model
To demonstrate the basic concept of the model, we will consider a
very simple bimodal system with two distinct populations of cells. This
system can be seen as a two-phase system comprising micrometric and
nanometric cells, and it is schematized in Fig. 2.a. The cell size
distribution is calculated using a correction that takes into considera-
tion the relative volumes occupied by each type of cell (details can be
found elsewhere [42] and in section 4.3). As the two populations of
Fig. 2.a are monodisperse, only two different cell sizes appear in the
histogram.
The system of Fig. 2.a has micrometric cells of 5 microns of cell size,
representing more than the 30% of the volume of the sample. However,
there are more than 1000 nanometric pores per microcellular one.
Then, when calculating the average cell size, the high number of na-
nocellular pores (with a diameter of 200 nm) is predominant, given an
average cell size of around 205 nm. Assuming a relative density of 0.2,
the theoretical conductivity based only on the average cell size is
52.1 mW/mK (obtained from equation (5)). In this calculus, the
polymer matrix was assumed to be PMMA with a thermal conductivity
of the solid phase of 211.7 mW/mK, and the g factor was considered to
be equal to 1 for this initial estimation.
Two basic approximations can be used to calculate the thermal
conductivity of a two-phase system like that shown in Fig. 2.a using the
common analogy of an electric circuit: the series and the parallel model
(equations (6) and (7) respectively, where λi represents the thermal
conductivity of the i phase ( =i 1 or 2) and Vi is the volume fraction of
each of the components). The circuit analogy is a common way to
compute the properties of two-phase systems such as a cellular polymer
[39,43].
∑=
=
λ V λt
i
i i
1,2 (6)
∑=
=λ
V
λ
1
t i
i
i1,2 (7)
The series model maximizes the interaction between the two phases,
whereas the parallel model minimizes the effect of the dispersed phase
[44,45]. These models are commonly used to predict the conductivity
of multi-phase systems, such as polymer composites or sandwich panels
[46]. They can also be applied to systems like that schematized in
Fig. 2.a. For that particular system, λ1 would be the thermal con-
ductivity of a microcellular material with cell size 5 microns, λ2 the
thermal conductivity of a nanocellular material with a cell size of
200 nm and V1 andV2 the volume fractions occupied by each population
of cells (30% and 70% in this example). With this approach, and using
for instance the series model, the theoretical prediction of the con-
ductivity is 55.4 mW/mK, 6% higher than the value calculated using
only the average cell size.
Based on this simple idea, we can enlarge the model for any bimodal
Fig. 1. Theoretical effect of the cell size in the thermal conductivity by con-
duction of a PMMA-based nanocellular polymer, according to equation (5), for
relative densities of 0.15, 0.10, and 0.05.
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system in which the cell size distributions have a certain width
(Fig. 2.b).
Combining equation (5) with equations (6) and (7), we established
the general equations for the models proposed in this work: the series
model (equations (8) and (9)) and the parallel model (equations (10)
and (11)). For the models, the volume fraction occupied by each class of
cell size is taken into consideration, fxi (see section 4.3 for more details
about how to calculate it), and also the thermal conductivity for the
corresponding cell size, λxi. A distinction between micro and nano-
metric cells is also considered in the model. For cell sizes smaller than 7
microns [41], Knudsen correction is used for calculating the contribu-
tion of the gas phase (equations (9) and (11)). Therefore, for cell sizes
higher than this threshold, no effect of the cell size is included. In ad-
dition, the structural factor g in the contribution of the solid phase is
assumed to be potentially different for nano (gn) and microcellular (gm)
structures. This assumption is based on the intrinsic structural differ-
ences between a micrometric cell wall and a nanoporous one (with cell
wall thickness in the range of 20 nm [47]). The reduction of the cell
wall thickness to the nanoscale can induce a tortuosity effect that might
reduce the g factor, as reported by Notario et al. [12]. In addition, Ma
et al. [48] showed that in solid films with nanometric thickness, such as
the cell walls in a nanocellular polymer, the thermal conductivity is
reduced when the thickness size is reduced, that is, that a strong con-
finement effect can lead to a reduction in the thermal conductivity. For
all these reasons, we have assumed the g factor being dependent on the
cellular structure. This assumption has been supported with electrical
conductivity measurements (see Supplementary Information). See sec-
tion 5.1 for a more detailed discussion of the values of g.
∑=SERIES λ f λ: t
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x x
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i i
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In summary, the main hypothesis of the model proposed in this
work to evaluate the heat transfer by conduction in a bimodal nano-
cellular material are the following:
• The structure presents a bimodal cellular structure with micro and
nanometric cells characterized by a cell size distribution.
• Only conduction mechanisms are considered, so this model is valid
as long as the density of the materials is high enough to neglect
radiation (ρr >0.25).
• The conduction through the gas phase is different for the micro and
the nanometric cells, the last presenting Knudsen effect.
• The conduction through the solid phase is different for the micro
and the nanometric cells. The differences are included in the
structural factor g. For the microcellular population, gm takes a
value of 1, whereas for the nanocellular population the value, gn, is
calculated as a function of the relative density.
•o The calculation of the factor gn is performed using 100% nano-
cellular materials with different densities.
•o The results were supported with electrical conductivity mea-
surements.
•o Out of the density range analyzed there are not experimental
evidence about the value of this factor. Then, and for illustrative
purposes when the model is introduced, a value of g =1 was
considered.
• Each cell size of the cell size distribution contributes differently to
the total conductivity by conduction, and its contribution is given by
its corresponding volume fraction.
• To add all the contributions, two approaches based on a circuit
analogy have been used: series and parallel, resulting in two ver-
sions of this model.
Fig. 3 shows the effect of the volume fraction of nanometric cells on
the thermal conductivity due to the conduction using the series and the
parallel model proposed in this work, for a bimodal system such as that
shown of Fig. 2.b. For this particular example, the two distributions are
Fig. 2. Schematic representation and cell size dis-
tribution (corrected with the volume) of bimodal
cellular structures: a) bimodal system with a micro-
cellular and a nanocellular population, both mono-
disperse, and b) bimodal system with a microcellular
and a nanocellular population, with a certain width
in the cell size distributions of both micro and na-
nometric cells.
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Gaussian functions, with an average cell size of 200 nm and 5 microns
and width of the distributions of 40 nm and 1 micron, respectively. That
is, the two distributions present the same ratio width/cell size
( =SD ϕ/ 0.2). The total relative density was assumed to be 0.2 and the
structural factor of both micro and nanometric cells are considered as 1.
These values have been calculated using equations (9) and (11). In
Fig. 3, two additional horizontal lines are plotted together with the
predictions of the model: the thermal conductivity of a nanocellular
polymer with 200 nm of cell size (named as “NANO”) and a micro-
cellular material with 5 microns of cell size (referred as “MICRO”) with
the same densities. The polymer matrix was assumed to be PMMA with
a thermal conductivity of the solid phase of 211.7 mW/mK and the g
factors were considered equal to 1 for simplicity. It is observed that
both parallel and series model moved from the microcellular behaviour
when the volume of nanometric cells is small, to the nanocellular line
for very a large volume of nanometric cells. Even at 100% of nano-
metric cells, the models do not cross the nanocellular prediction, since
they take into account the width of the cell size distribution of the
nanocells and the nanocellular line does not. Fig. 3 also shows that the
parallel model predicts smaller conductivities than the series one. Then,
this model minimizes the effect of the micrometric cells in the bimodal
structure.
4. Experimental
4.1. Materials
PMMA V825T was kindly supplied by ALTUGLAS® International.
Poly(methyl methacrylate)-poly(butyl acrylate)-poly(methyl metha-
crylate) (MAM) block copolymer Nanostrength M53 was kindly sup-
plied by Arkema Company (France). Sepiolites modified with a qua-
ternary ammonium salt [49,50] were provided by Tolsa S.A (Spain).
Medical grade carbon dioxide (CO2) (99.9% purity) was used as the
blowing agent for the gas dissolution foaming experiments.
In this work, two different systems able to produce bimodal struc-
tures with nanometric cells are analyzed: a blend of PMMA and MAM
and a blend of PMMA with sepiolites. Blends in the proportions of
Table 1 were produced by extrusion using a twin-screw extruder model
COLLIN TEACH-LINE ZK 25T, with L/D of 24 and screw diameter of
25 mm, with a temperature profile set from 160 °C to 200 °C, and the
screw speed equal to 40 rpm. The extruded materials were extruded
again at the same conditions for dispersing the MAM or the sepiolites
homogeneously.
Solid sheets (4mm thick) from the blends were produced by com-
pression molding using a hot plate press provided by Remtex (Spain).
The temperature set on the press was 250 °C and processing time was
9.5 min, 8.5 for melting the polymer and 1min more for compression
under pressure (1.7 MPa). From these sheets, squares of 25×25mm2
were cut for the foaming experiments.
As-received PMMA was also compressed into 4mm thick solid
sheets to produce reference monomodal nanocellular materials.
4.2. Foaming experiments
Cellular materials for thermal conductivity characterization were
produced using a two-step foaming process [51] in a high-pressure
vessel (model PARR 4681) provided by Parr Instrument Company.
Pressure is controlled via a pressure pump controller (model SFT-10)
provided by Supercritical Fluid Technologies Inc. Temperature is pro-
vided by a clamp heater controlled with a CAL 3300 temperature
controller. Foaming was carried out in a thermal bath with water.
Each system requires different foaming conditions, which are sum-
marized in Table 2. Pure PMMA requires a high saturation pressure
(31MPa) to produce nanocellular structures [52], whereas blends with
MAM and sepiolites can produce them at a lower pressure (10MPa).
Different foaming temperatures were used with the aim of producing
samples with different densities for each type of material. Saturation
time was 24 h for all the experiments.
4.3. Characterization
The density of the solid materials (ρs) was determined with a gas
Fig. 3. a) Effect of the volume fraction of nanometric cells in the thermal conductivity of a PMMA-based cellular polymer with a relative density ρr =0.2 with a
bimodal (nano and micro) cell size distribution and examples of cell size distributions with different volume fraction of nanometric cells: b) 20% and c) 80%. Insets of
figures b) and c) show in detail the cell size distribution of the microcellular region.
Table 1
Summary of the material systems used in this work.
System Second phase Second phase amount
(wt%)
PMMA – –
PMMA/MAM MAM Nanostrength M53 0.05
PMMA/SEP Sepiolite modified with a quaternary
ammonium salt
5
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pycnometer (Mod. AccuPyc II 1340, Micromeritics) and the density of
the cellular samples (ρ) was measured using a density determination kit
for an AT261 Mettler-Toledo based on Archimedes’ principle. Before
measuring the density, the solid skin of these foamed samples was re-
moved out with a polisher (model LaboPOl2-LaboForce3, Struers) by
removing at least 200 μm of each side. Relative density was calculated
as the ratio =ρ ρ ρ/r s.
The cellular structure was characterized using SEM images from an
ESEM Scanning Electron Microscope (QUANTA 200 FEG). A specific
software based on ImageJ/FIJI [53] was used for this purpose. Averages
cell sizes and cell nucleation density (based on Kumar's theoretical
approach [51]) are calculated using image analysis. The cell nucleation
density of the bimodal structures needs to be carefully calculated since
micro and nanometric pores cannot be quantified in the same image. A
detailed explanation about this procedure is given in the
Supplementary Information.
The cell size distribution in the different cellular materials was also
determined. Then, a correction that takes into account the area occu-
pied by each class of cells is applied. This correction consists of mul-
tiplying the number of cells of a given diameter (ncells x, , where x is the
cell diameter) times the surface of the cell (that is, times its radius
square and π). Equation (12) [42] gives the formula to calculate the
frequency relative to the surface for each cell size x :
=
∑
( )
( )
Frequency relative to the surface f x
n π
n π
( ) 100x
cells x
x
x cells x
x
, 2
2
, 2
2
i i
i
(12)
This correction is needed for accounting for the size of each cell and
the corresponding area (or volume, as the surface ratio should be equal
to the volume ratio when representative surfaces are analyzed, ac-
cording to stereology [46,47]) occupied by each cell size. This is of
extreme importance in bimodal cellular structures, with cells in the
micro and the nanoscale, since for these systems a standard cell size
distribution in which the number of cells for a given size is represented,
neglects the contribution of microcells. Furthermore, the relative vo-
lume occupied by the population of nanometric cells has been calcu-
lated by measuring the area occupied by the micrometric cells (cell size
higher than 1 micron) in the SEM images Am and the total area of the
image, At, according to Equation (13).
⎜ ⎟= ⎛
⎝
− ⎞
⎠
A A
A
Volume fraction nanometric cells V (%) 100 t m
t
nano
(13)
Based on this volume fraction, it is interesting to estimate the re-
lative density of the cellular material without taking into account the
microcellular pores. For this calculus, it will be assumed that the gas
inside the pores is weightless. Then, the relative density in the nano-
cellular region can be calculated from the total relative density and the
volume fraction of nanocellular pores according to (14).
=ρ ρ
Vr nano
r
nano
, (14)
Finally, the thermal conductivity of the cellular materials was de-
termined by the Transient Plane Source (TPS) [54] technique using a
thermal conductivimeter TPS 2500 S (Hotdisk). The TPS is a standard
technique for the thermal properties characterization of different ma-
terials, including PMMA-based micro and nanocellular materials [12].
Measurements were carried out with a TPS sensor of radius 3.189mm.
Before measuring, all the samples were dried in vacuum at 50 °C
overnight to remove the possible moisture. Then, two samples of the
same material and density were placed in the experimental set-up. The
samples and the experimental set-up were allowed to reach an equili-
brium temperature for 30min before the beginning of the measure-
ments. Samples were measured five times with a time span of 20min to
avoid temperature drift. The measurement time was 40 s for all sam-
ples, whereas the typical power was about 7–9mW for the cellular
samples and 19–20mW for the solid materials.
All the samples for thermal conductivity measurements were ana-
lyzed using X-ray radiography to ensure their homogeneity and the lack
of internal defects [12].
5. Results and discussion: validation of the model
5.1. Determination of the structural factor g for nanocellular materials
As aforementioned, the structural factor g modulating the con-
ductivity of the solid phase is known to be close to 1 for microcellular
materials with medium high/density (0.3–0.6) [34] and ranging 0.8–1
for nanocellular polymers [12] with medium high/density (0.4–0.65).
To determine the value of g for nanocellular materials in the range of
densities used in this work, the thermal conductivity of three different
monomodal nanocellular materials based on PMMA was determined
experimentally and compared with the theoretical predictions of the
series model (equation (9)) for different g values (Fig. 4.a). The parallel
model provides very similar results. These materials based on PMMA
have an average cell size of 220 nm [47]. It is observed that, at high
relative densities, the best fitting is obtained for g smaller than 0.9.
Meanwhile, at a medium density, this factor is close to 0.95, and it
increases at lower densities. To determine the structural factor as a
function of the relative density, a linear fit between the relative density
and the g factor for the three materials is calculated (Fig. 4.b).
The structural factor g is usually related with both the tortuosity of
the material and the possible changes in the conductivity of the solid
phase [12]. It is important to determine whether this adjustment of the
g factor is only related with structural issues and not with other possible
effects like a radiation contribution. Regarding the model, it is also
necessary to check if the variations of the g factor depend on the density
for the bimodal materials in the same way it does for the pure nano-
cellular PMMA. This idea was evaluated by studying the electrical
conductivity of the samples at medium-high frequencies [55]
(Supplementary Information). It was checked that this change in the g
factor is only related to structural modifications, and it was also proved
that bimodal materials behave in the same way as the pure nanocellular
PMMA (see Supplementary Information for more details). Then, it is
justified to use the same g values calculated for PMMA at any density
and detailed in the previous paragraph when calculating the thermal
conductivity of bimodal materials.
5.2. System 1: bimodal micro and nanocellular PMMA/MAM
Fig. 5 shows the cellular structure of the materials produced with
the blend PMMA/MAM at different foaming temperatures. Bimodal
structures, with micro and nanocellular pores, are observed regardless
of the foaming conditions. Table 3 summarizes the main characteristic
of these cellular materials. It is observed that 85% of the volume is
Table 2
Summary of the foaming experiments.
System Saturation Pressure (MPa) Saturation Temperature (ºC) Pressure Drop Rate (MPa/s) Foaming Temperatures (ºC) Foaming Time (min)
PMMA 31 25 100MPa/s 60/80/110 1
PMMA/MAM 10 25 15MPa/s 80/100 1.5
PMMA/SEP 10 25 15MPa/s 80/100 1
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occupied by nanometric cells, with cells ranging 260–280 nm. Re-
garding the microcellular population, it is very heterogeneous, with
cells of around 2 microns.
Fig. 6 includes the experimental thermal conductivity of these three
materials as a function of the relative density, together with the pre-
dictions of the models (series and parallel) proposed in this work. In the
theoretical calculations, the structural factor in the nanocellular region,
gn, was considered to vary with density as shown in Fig. 4.a and cal-
culated according to the linear fit shown in Fig. 4.b (section 5.1). The
thermal conductivity of the solid PMMA/MAM material was de-
termined to be equal to 211.3 mW/mK, which is very similar to that of
the pure PMMA. To gain a better understanding of the results provided
by the model, three additional theoretical estimations have been in-
cluded in Fig. 6. First, the thermal conductivity of a 100% nanocellular
material (named as “NANO”) with the density of the nanocellular part
(equation (14)) and the cell size of the nanometric region, according to
the data of Table 3. If the experimental conductivity would be the same
as the theoretical one in the nanocellular region, this will imply that the
Fig. 4. a) Thermal conductivity of the materials based on PMMA: experimental data points and models with different g values, and b) linear fit between the structural
factor g and the relative density.
Fig. 5. SEM micrographs of the bim odal cellular materials produced with the system PMMA/MAM, foamed at a) 80 °C and b) 100 °C. The second row corresponds to
zoomed images of the first row.
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microcellular pores are not contributing to the heat transfer. That is,
that conduction in the gas phase is taking place throughout the nano-
cellular region and the micrometric pores are isolated. On the other
hand, the thermal conductivity of a purely microcellular material was
also calculated an included in Fig. 6 (bars denoted as “MICRO”). For
this calculus the relative density of the whole sample was used, so the
comparison is between two systems with the same density: one mi-
crocellular and the other bimodal. In the case that the experimental
conductivity would approach the “MICRO” value, this will mean that
the presence of the nanocellular pores does not reduce the thermal
conductivity. Finally, the conventional prediction using equation (5)
with the average cell size (“AVERAGE”) was also included. For this
calculus, the average cell size of the cell size distribution was calculated
using the standard average (without taking into account the size of the
cells). Given the high number of nanometric cells, the average cell size
is only slightly higher to the nanocellular cell size. Then, in this case,
the “AVERAGE” prediction underestimates the real thermal con-
ductivity, as it does not consider the significant volume occupied by the
micrometric cells. In the Supplementary Information there are more
details about all these theoretical estimations.
It is observed that in the density range analyzed both series and
parallel models provide similar predictions. Also, these predictions are
close to the experimental values, with a difference of less than a 3%,
whereas the other predictions (of materials purely nano or micro-
cellular) overestimate the real conductivity from a 4% to a 10%. These
results imply that the models proposed in this work, which take into
account the contributions of the different cell sizes to the total thermal
conductivity, provide the best approach to quantify the thermal con-
ductivity by conduction of these bimodal nanocellular systems. That is,
the bimodal material does not behave as a microcellular material,
neither as a nanocellular material with the density of the nanocellular
part. Both types of cells must be included in the theoretical calculation
of the thermal conductivity, weighted with the relative volume frac-
tions occupied by them. This is a very interesting result, showing that
the presence of micrometric cells helps to reduce the conductivity by
reducing the density, whereas the Knudsen effect is taking place in the
nanometric cells and also contributes to decrease the conductivity.
5.3. System 2: bimodal micro and nanocellular PMMA/SEP
Fig. 7 shows the cellular structure of the second type of bimodal
materials analyzed in this work. It is observed that the microcellular
population in these PMMA/SEP samples is larger and more hetero-
geneous than that of PMMA/MAM. Also, the volume fraction occupied
by the nanometric cells is smaller (Table 4): 70% at medium densities
and only 57% in the low-density sample. Regarding the nanocellular
population, cell sizes ranging 260–300 nm are measured. The char-
acteristics of the cellular structure of these materials are summarized in
Table 4.
The experimental thermal conductivity of the samples in Fig. 7 is
displayed in Fig. 8. These values are compared with the predictions of
the models proposed in this work (series and parallel). For this system,
the structural factor in the nanocellular region, gn, was considered to
vary with density as in the previous section. In this case, the solid phase
(PMMA/SEP nanocomposite) presents a thermal conductivity of
229.3 mW/mK. This conductivity is higher than that of the PMMA or
the PMMA/MAM solids due to the addition of the sepiolites. The re-
ference estimations for a purely nanocellular material with the density
of the nanocellular region (“NANO”) and a completely microcellular
material (“MICRO”) are also included for the sake of comparison. The
prediction of equation (5) calculated with the average cell size
(“AVERAGE”) is also plotted in Fig. 8.
Once again, the bimodal models present the best match with the
experimental results, with differences of around a 3%. Microcellular
materials with the same densities would have higher conductivities, of
around 5–10%. In the case of the prediction for a nanocellular material
with the density of the nanocellular region, the overestimations are
higher than 25%. The prediction with the average cell size also un-
derestimates the conductivity in more than a 6%. It is observed that the
results are slightly less accurate than those of the PMMA/MAM system.
To further improve the model, the conductivity of the solid polymer
matrix in the nanometric cell walls including nanoparticles should be
studied in more detail.
The success of the models to predict the thermal conductivity of
these bimodal systems show that the assumptions made to elaborate the
model are accurate and necessary to predict the thermal conductivity
by conduction of these systems correctly. A further step to improve the
precision of the model should be to analyze the conductivity of the solid
polymer matrix over all the range of densities and cell sizes.
6. Other applications of the model
Up to now, we have proved the validity of the models proposed in
this work to predict the thermal conductivity of bimodal systems.
However, it could also be used to evaluate the thermal conductivity of
monomodal nanocellular materials with a wide cell size distribution,
like the one shown in Fig. 9.
Fig. 10 shows the effect of the ratio width/cell size (SD ϕ/ ) for a
nanocellular material with an average cell size of 200 nm and a relative
density of 0.1. The horizontal line marked as “NANO” represents the
prediction of the thermal conductivity by conduction of this system
Table 3
Cellular structure characteristics of the samples based on PMMA/MAM.
Foaming
Temperature (ºC)
Relative
Density
Vnano (%) Relative
Density NANO
Cell Nucleation Density (nuclei/cm3) Cell Size MICRO (μm) Cell Size NANO (nm)
80 0.35 85 0.41 5.5 · 1013 2.2 ± 2.1 258 ± 134
100 0.27 86 0.32 4.7 · 1013 2.1 ± 1.7 276 ± 152
Fig. 6. Thermal conductivity of the materials based on PMMA/MAM: experi-
mental values and theoretical predictions.
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without including the effect of the width of the cell size distribution.
For low values of SD ϕ/ , up to 0.1, both series and parallel model predict
the same thermal conductivity of a model with a perfectly mono-
disperse cell size distribution. As SD ϕ/ grows, the thermal conductivity
increases, as the larger cells of the distribution start to play a role. For a
value of =SD ϕ/ 0.5, that is, a width of 100 nm with an average cell size
of 200 nm, a difference of almost 1.5 mW/mK is predicted, that is, an
increase of a 4.8% in the conductivity. Values of SD ϕ/ of 0.5 and higher
are usually detected in nanocellular materials [47,56,57], so this effect
is important for the accurate prediction of the thermal conductivity of
nanocellular polymers.
In addition, for lower relative densities the effect of a broad cell size
distribution would be even more evident, as the gas contribution is
higher. Fig. 11 represents the percentage of increase in the thermal
conductivity by conduction between the classic equation (equation (5))
with the average cell size and the model of this work including the
effect of the cell size distribution, as a function of both the relative
density and SD ϕ/ , in the range of low densities, for the series and the
parallel models. The average cell size used in Fig. 11 was 200 nm. For
instance, at a relative density of 0.05, a system with =SD ϕ/ 0.5 would
have a theoretical conductivity by conduction around 8–10% higher
than that predicted using only the average cell size. Therefore, this
Fig. 7. SEM micrographs of the bimodal cellular materials produced with the system PMMA/SEP, foamed at a) 80 °C and b) 100 °C. The second row corresponds to
zoomed images of the first row.
Table 4
Cellular structure characteristics of the samples based on PMMA/SEP.
Foaming Temperature (ºC) Relative Density Vnano (%) Relative Density NANO Cell Nucleation Density (nuclei/cm3) Cell Size MICRO (μm) Cell Size NANO (nm)
80 0.38 70 0.55 3.5 · 1013 2.9 ± 3.0 260 ± 140
100 0.29 57 0.50 1.6 · 1013 2.1 ± 1.7 296 ± 182
Fig. 8. Thermal conductivity of the materials based on PMMA/SEP: experi-
mental values and theoretical predictions.
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effect must be taken into consideration when predicting the thermal
conductivity of low-density nanocellular materials.
7. Conclusions
In this work, a new model to predict the heat transfer by conduction
of bimodal cellular structures with micro and nanometric cell sizes is
presented and validated. This model analyzes the conduction mechan-
isms both through the solid and gas phases and takes into account the
volume occupied by each cell size and the Knudsen effect.
The model is based on a circuit analogy and has two different ver-
sions: series model, and parallel model. The model differentiates be-
tween nanometric cells, that should present Knudsen effect, and mi-
crometric cells, in which this effect does not occur. Also, the structural
factor modulating the contribution of the solid phase is also set as a
variable that may change between micro and nanocellular materials.
The values of these factor in the range of densities under study have
been found by thermal and electrical conductivity measurements. The
two models predict that the conductivity of a bimodal system would
depend strongly on the volume fraction occupied by the nanometric
cells. On the other hand, both series and parallel models provide very
similar predictions, the parallel prediction being slightly smaller as this
model minimizes the effect of the micrometric cells.
The model has been validated by comparing the predictions with
the experimental conductivities of two bimodal systems based on
PMMA: one with a block-copolymer (MAM) and one with nanoparticles
(sepiolites). In both cases, the models proposed in this work provide
better estimations of the conductivity than considering the material
totally micro or nanocellular. Therefore, it is proved that the hy-
potheses of the model are valid and necessary to calculate the thermal
conductivity of bimodal nanocellular materials. Moreover, it is shown
that bimodal nanocellular materials could be interesting from a prac-
tical point of view since the presence of microcellular pores allows
reducing the density and thermal conductivity by conduction through
the solid phase, while nanometric cells contribute to reducing the
conductivity through the gas phase.
In addition, we propose that this model can also be used to predict
the thermal conductivity of monomodal nanocellular materials with a
wide cell size distribution. The model shows that the width of the dis-
tribution strongly affects the thermal conductivity, increasing the value
predicted considering only the average cell size. This effect is even more
relevant at low densities. Therefore, our model could also be helpful to
calculate the thermal conductivity by conduction of nanocellular ma-
terials with low density and a wide cell size distribution.
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